Myocardial ischaemia/reperfusion (I/R)-induced remodelling generally includes cell death (necrosis and apoptosis), myocyte hypertrophy, angiogenesis, cardiac fibrosis, and myocardial dysfunction. It is becoming increasingly clear that microRNAs (miRNAs or miRs), a group of highly conserved small ( 18-24 nucleotide) non-coding RNAs, fulfil specific functions in the reperfused myocardium towards post-infarct remodelling. While miR-21, -133, -150, -195, and -214 regulate cardiomyocyte hypertrophy, miR-1/-133 and miR-208 have been elucidated to influence myocardial contractile function. In addition, miR-21, -24, -133, -210, -494, and -499 appear to protect myocytes against I/ R-induced apoptosis, whereas miR-1, -29, -199a, and -320 promote apoptosis. Myocardial fibrosis can be regulated by the miR-29 family and miR-21. Moreover, miR-126 and miR-210 augment I/R-induced angiogenesis, but miR-24, -92a, and -320 suppress post-infarct neoangiogenesis. In this review, we summarize the latest advances in the identification of myocardial ischaemia-associated miRNAs and their functional significance in the modulation of I/R-triggered remodelling. Controversial effects of some miRNAs in post-infarct remodelling will be also discussed.
Introduction
Myocardial infarction remains a significant and yet unsolved health problem, which seriously affects the human health. An infarct usually causes insufficient blood supply and oxidative stress, which result in necrosis of cardiac tissue, myocardial inflammation, pathological remodelling, and left ventricular dysfunction. 1 -3 Early reperfusion of the ischaemic region by thrombolytic treatment or surgical revascularization, albeit effective for salvaging a damaged heart, can lead to additional injury. 4 -6 As summarized by Kloner, 7 four types of reperfusion injury have been observed in experimental animals, as follows: (i) myocyte death; (ii) microvasculature damage; (iii) the stunned myocardium, where myocytes display a prolonged period of contractile dysfunction following coronary blood flow restoration; and (iv) reperfusion arrhythmias. Although tremendous advances have been made in understanding the mechanisms of myocardial ischaemia/ reperfusion (I/R) injury (see reviews elsewhere 1-5 and in this issue), 1 -5 the translation of these findings into the clinical setting has been largely disappointing. 8 This may reflect our still incomplete knowledge of the biology of I/R. In addition, intervention using a single molecule might not be possible to protect the heart against a process involving multiple pathophysiological components.
MicroRNAs (miRNAs or miRs) are endogenous, single-stranded, non-coding RNAs ranging from 18 to 24 nucleotides in length. They are highly conserved and ubiquitously expressed in all species. 9 Based on genomic locations of the miRNA genes, miRNAs can be divided into the following groups: (i) intergenic miRNAs, which are independently transcribed from their own genes; (ii) intronic miRNAs, which originate from introns of their host protein-coding genes; (iii) exonic miRNAs, which are located within exons of proteincoding genes; and (iv) untranslated region (UTR) miRNAs, which are generated from 5 ′ or 3 ′ UTR of protein-coding genes. Of the human miRNAs identified so far, it is estimated that 42% are intergenic, 44% intronic, 7% exonic, and ,7% UTR miRNAs. 10 In general, miRNAs act as endogenous repressors of target genes, either by inhibiting translation and/or by promoting degradation of the mRNA, or alternatively by increasing translation. 9 It is widely accepted that an individual miRNA can influence hundreds of gene transcripts to co-ordinate complex programmes of gene expression and, thereby, effect global changes in the physiology of a cell. 9 -12 Accordingly, miRNAs have been implicated as key molecular players in virtually all cellular processes, including proliferation, differentiation, ageing, death, and the maintenance of stem cell self-renewal. 10,13 -15 Numerous studies have revealed that alterations in the spectrum of intra-/ extracellular miRNAs are correlated with various cardiovascular conditions, such as myocardial infarction, hypertrophy, cardiomyopathy, and arrhythmias. 16 -22 The unique signature of miRNA expression may hold promise as a novel diagnostic tool for cardiovascular disease. Moreover, animal models with alteration of intracellular miRNA (over-expression or knockout) have demonstrated that miRNAs produce pleiotropic effects on stress-triggered cardiac remodelling. 23, 24 In this review, we highlight the latest advances in the identification of myocardial ischaemia-associated miRNAs and their functional significance in the modulation of I/R-induced cardiomyocyte death (necrosis/apoptosis), myocardial inflammation, fibrosis, compromised contractile function, and neoangiogenesis.
Expression profile of miRNAs in ischaemic/reperfused hearts
Similar to protein-coding genes, the primary transcripts of intergenic miRNAs are independently regulated by transcription factors. 25 For example, we recently identified that the promoter of miR-144/451 contains GATA-binding motifs, and over-expression of GATA-4 increased the expression of miR-144/451 in cardiomyocytes. 26 While intronic miRNAs may be transcribed as part of their host genes, recent studies have found that one-third of intronic miRNAs bear transcription initiation regions independently from the promoters of their host genes. 27 For instance, miR-499 is an intronic miRNA within the myosin heavy chain gene Myh7b, but the intron of the Myh7b gene has been identified to contain the p53-binding site. As a result, p53 can regulate the expression of miR-499, but not of Myh7b. 28 In addition, the expression of miRNA can be regulated at the post-transcriptional level by Dicer/Drosha, two major enzymes that control the generation of mature miRNAs (see reviews elsewhere). 9, 29 Therefore, it is reasonable that levels of miRNAs can be dynamically altered in the heart upon I/R injury, as myocardial I/R causes dysregulation of hundreds of proteins, including transcription factors and Dicer/Drosha. Indeed, recent work from our laboratory and others has indicated that mature miRNA levels are altered in ischaemic/reperfused hearts from animal models and human patients ( Figure 1) . 30 -36 He et al.
30
examined the miRNA expression profile in Sprague-Dawley rat hearts treated with 1 h ischaemia followed by 3 h reperfusion, and observed that a total of 16 miRNAs were significantly dysregulated, of which 10 miRNAs were up-regulated and six down-regulated [ Figure 1 ; I/R(3 h)]. However, in another rat model subjected to myocardial I/R (30 min/24 h), results of miRNA array analysis revealed that miR-1, -126, and -208 were up-regulated, whereas miR-21, 133, and -195 were down-regulated in these I/R hearts, compared with sham-operated control rats [ Figure 1 ; I/R (D1)]. 31 Using the same myocardial I/R protocol (I/R, 30 min/24 h) in FVB/N mice, we observed that a total of six miRNAs were dysregulated, with downregulation of miR-320 and up-regulation of miR-7, miR-21, miR-146b, miR-491, and miR-9651 in the I/R heart [ Figure 1 ; I/R (D1)]. 32 Interestingly, Roy et al. 33 examined the alterations of miRNA expression in the C57BL/6 mouse heart treated with 30 min of ischaemia, followed by 2 or 7 days of reperfusion. They reported that levels of 13 miRNAs were significantly increased on day 2 post-I/R [ Figure 1 ; I/R (D2)], whereas on day 7 post-I/R, nine miRNAs were up-regulated, together with down-regulation of six miRNAs [ Figure 1 ; I/R (D7)].
Additionally, in a rat model of permanent myocardial infarction (MI), Dong and colleagues 34 found that 6 h of coronary artery occlusion resulted in differential expression of 38 miRNAs (21 up-regulated and 17 down-regulated) in the infarcted zone and 33 miRNAs dysregulated (19 up-regulated and 14 down-regulated) in the border zone compared with those in the non-infarcted area [ Figure 1 ; MI-IZ (6 h) and MI-BZ (6 h)]. The miRNA expression signature in the late phase of MI (3 and 14 days post-infarction) was reported by van Rooij et al. 35 [ Figure 1 ; MI-BZ (D3-14)]. Recently, Bostjancic et al.
36
analysed the miRNA expression profile in infarcted heart tissues from 39 patients with MI, which were divided into two groups (1 and 4 weeks post-infarction). Of 719 miRNAs analysed, 77 miRNAs were differentially expressed, of which 47 were dysregulated in hearts 1 week post-infarction, and 30 miRNAs were altered in hearts 4 weeks post-infarction [ Figure 1 ; MI (W1) and MI (W4)]. Collectively, diverse profiles of miRNA expression in the ischaemic/ reperfused or infarcted myocardium, described above and summarized in Figure 1 , suggest that the alteration of miRNAs is dynamic and condition dependent. We would reasonably speculate that dysregulated miRNAs that occur in the early phase of reperfusion may be associated with cell death and oxidative stress, while those miRNAs altered in the later phase of reperfusion may contribute to post-infarct remodelling or function as compensatory mechanisms. Accordingly, those miRNAs changed in the ischaemic pre-conditioned heart should confer cardioprotection against I/R injury. 34, 37 However, it remains largely unclear whether these dysregulated miRNAs together or individually determine the clinical outcome of post-infarct myocardial remodelling. In addition, we should take into consideration that the myocardium contains cardiomyocytes, endothelial cells, fibroblasts, and other cell types; and the miRNA profiling described above was performed in pooled RNAs isolated from the whole heart. Moreover, some miRNAs play divergent roles in different cell types, as reviewed below. Therefore, to better understand mechanisms associated with post-infarct remodelling, it is necessary to dissect the consequence of these I/R-related miRNAs individually in various cell types within the heart in vivo and in vitro.
3. Role of miR-1/miR-133 in myocardial I/R injury miR-1 and miR-133 are clustered on the same chromosomal locus and transcribed together as a single transcript, which becomes two independent, mature miRNAs with distinct biological functions. 38 miR-1 expression is restricted to heart and skeletal muscle and is regulated by transcription factors: serum response factor and myocyte enhancer factor-2 (MEF2)/MyoD, respectively. 39, 40 However, among three members of the miR-133 family (miR-133a-1, miR-133a-2, and miR-133b), only miR-133b is not expressed in cardiomyocytes. 41 Therefore, while three related clusters, namely miR-1-1/miR-133a-2, miR-206/miR-133b, and miR-1-2/ miR-133a-1, have similar sequences and expression patterns, each miRNA is regulated by its own promoters. 41 Indeed, miR-1 is one of the most strongly up-regulated miRNAs, whereas miR-133a is one of the down-regulated miRNAs in rat hearts upon acute myocardial I/R. 31 Exceptionally, in human infarcted hearts, both miR-1 and miR-133a are down-regulated. 36, 42 Recent functional studies indicate that miR-1 and miR-133 have opposite effects in the regulation of stress-induced myocyte survival, with a pro-apoptotic role of miR-1 and anti-apoptotic role of miR-133. 43 Increased levels of miR-1 in H9C2 rat embryonic ventricle cells or isolated rat cardiomyocytes provoked stress-induced apoptosis; 31, 43, 44 in contrast, overexpression of miR-133 elicited protective effects against H 2 O 2 -triggered cell death. 43 The opposite consequences of miR-1/ miR-133 may be largely attributed to different targets that they modulate. Increased miR-1 causes down-regulation of multiple antiapoptotic genes, such as Hsp60, Hsp70, IGF-1 and Bcl-2; whereas miR-133 negatively regulates a pro-apoptotic gene (i.e. Caspase-9). 31, 43, 44 In addition, while miR-133a-over-expressing hearts displayed a similar hypertrophic response to wild-type hearts upon transverse aortic banding, cardiac fibrosis was significantly reduced, somehow implying protective effects of miR-133a on I/ R-triggered cardiac remodelling. 45 On the contrary, several recent H. Zhu and G-C. Fan studies further indicate that miR-1 promoted cardiac arrhythmogenesis by inhibiting the expression of protein phosphatase 2A regulatory subunit B56a, connexin 43 and Kir2.1. 46 -48 Consistently, injection of miR-1 into the infarcted myocardium exacerbated arrhythmogenesis, whereas specific knockdown of miR-1 suppressed arrhythmias. 47 Collectively, these data suggest that approaches to either lower cardiac miR-1 levels or increase miR-133 levels during an ischaemic event might potentially attenuate I/R-induced myocardial injury.
Controversial effects of miR-21 in I/R-induced myocardial remodelling
miR-21 has been implicated in a variety of disorders and is highly up-regulated during cardiac remodelling, 49, 50 but the precise function of miR-21 in cardiac stress responses remains obscure. A recent study by Sabatel et al. 51 indicates that over-expression of miR-21 reduced endothelial cell proliferation, migration, and tube formation by targeting RhoB, whereas knockdown of miR-21 using an locked nucleic acid (LNA)-anti-miR led to an opposite effect. They also showed that RhoB silencing impaired endothelial cell migration and tubulogenesis, thus providing a possible mechanism for miR-21 to inhibit angiogenesis. 51 Furthermore, the therapeutic potential of miR-21 as an angiogenesis inhibitor was demonstrated in vivo in a mouse model of choroidal neovascularization. 51 Given that coronary angiogenesis is instrumental in functional compensation and restoration of the infarcted heart, inhibition of miR-21 may offer cardioprotection against postinfarct injury. Nonetheless, miR-21 is involved in pro-survival signalling of cardiomyocytes by targeting several pro-apoptotic genes, i.e. programmed cell death 4, phosphatase and tensin homolog (PTEN) and Fas ligand (FasL). 52 -54 Transgenic mice with cardiac-specific overexpression of miR-21 were tolerant to I/R-mediated myocardial injury. 54 Conversely, silencing of miR-21 using antagomiR increased H 2 O 2 -triggered cardiomyocyte necrosis and apoptosis. 52, 53 In addition, miR-21 was up-regulated in the mouse heart after ischaemic pre-conditioning and sublethal heat shock, which are believed to offer cardioprotection. 37, 53, 55 Likewise, adenovirus-mediated in vivo delivery of miR-21 reduced myocardial infarct size and improved left ventricular remodelling 2 weeks after infarction. 34 Furthermore, miR-21 has been also shown to promote fibroblast survival, which may contribute to myocardial fibrosis. 33, 56 Thum et al. 56 showed that knockdown of miR-21 with antagomiRs mitigated interstitial fibrosis and cardiac remodelling after aortic banding. They identified that miR-21 negatively regulated the expression of Sprouty-1 (Spry1), which suppressed mitogen-activated protein kinase signalling, especially in cardiac fibroblasts. 56 Likewise, Roy and colleagues 33 reported that miR-21 was up-regulated in the border zone, a fibroblast-rich region adjacent to the infarct, after myocardial I/R. Increased levels of miR-21 in the heart inhibited the PTEN expression in cardiac fibroblasts, which conversely up-regulated the matrix metalloproteinase-2 expression, leading to promotion of fibrosis in the infarcted heart. 33 Together, these studies indicate that knockdown of miR-21 in the heart may be a therapeutic approach to the treatment of post-infarct fibrosis. However, these salutary effects elicited by down-regulation of miR-21 are totally contradicted by a recent study from Olson's group. 57 Neither genetic knockout of miR-21
nor pharmacological inhibition of miR-21 by tiny LNAs (seed-targeting 8-mer locked nucleic acid oligonucleotides) altered the pathological responses of the heart to pressure overload or myocardial infarction. 57 This study indicates that miR-21 seems not to be essential for cardiac hypertrophy, fibrosis, and cardiac dysfunction in response to myocardial infarction or other stresses in mice. As a matter of fact, in cultured myocytes, miR-21 has been reported to be both pro-and anti-hypertrophic. 20, 58 Reasons for the discrepancy between these studies are unclear; however, miR-21 is expressed predominantly in cardiac fibroblasts, not cardiomyocytes. It is possible that much of the miR-21 enrichment observed during cardiac disease might be ascribed primarily to an increase in the number of cardiac fibroblast cells, implying a rather limited physiological relevance of miR-21, at least in cardiomyocytes. This is supported by the fact that cardiomyocyte-specific over-expression of miR-21 in vivo does not evoke an obvious cardiac phenotype. 54 In addition, miR-21 is broadly expressed in multiple tissues, including the vasculature, 51 which may hamper the discrimination of primary and secondary cardiac effects in models that use global knockdown of miR-21, such as intravenous injection of antagomiRs. Furthermore, the genetic deletion model may yield compensatory effects during development, which may prevent the proper assessment of physiological alterations; and tiny LNAs (8-mer) are less effective to target miRNAs. Indeed, several studies recently confirmed that 8-mer anti-miR-21 LNAs did not affect pressure-overload-induced cardiac hypertrophy, fibrosis, and cardiac dysfunction, 59 whereas highly specific, 22-and 15-nucleotide-long anti-miR-21 oligonucleotides effectively inhibited myocardial and pulmonary fibrosis. 59, 60 Collectively, these results indicate that miR-21 inhibits endothelial cell proliferation, migration, and tubulogenesis, whereas it promotes cardiomyocyte and fibroblast survival upon myocardial I/R. The potential role of miR-21 in cardiac fibrosis and hypertrophy is still debated. Thus, global knockdown or over-expression of miR-21 in the reperfused myocardium might yield tangled effects on post-infarct remodelling.
Dual roles of miR-29 and miR-24 in the myocardium towards post-infarct remodelling
Like miR-21, the expression of miR-29 is greater in cardiac fibroblasts than in cardiomyocytes. 35 While the alteration of miR-29 expression in reperfused hearts has not been reported, van Rooij et al. observed that all members of the miR-29 family (miR-29a, b, and c) were downregulated after MI, particularly in the border zone. 35 Intriguingly, miR-29 controls a subset of fibrosis-related genes, including several collagens, fibrillins, laminins, integrins, and elastin. 35 Down-regulation of miR-29 with antagomiRs in vivo and in vitro caused the increased expression of collagens. Supportively, over-expression of miR-29 in fibroblasts diminished the expression of collagen transcripts. 35 Given that cardiac fibrosis is a common sequela of MI, reduced expression of miR-29 observed in the infarcted myocardium may contribute to post-infarct remodelling, including the stiffening of ventricular walls and compromised contractility. In addition to modulation of pro-fibrotic genes, miR-29 has been shown to negatively regulate several anti-apoptotic genes, including Tcl-1 (oncogene, T-cell leukaemia/lymphoma 1), Mcl-1 (a member of the antiapoptotic Bcl-2 family), YY1 (Yin Yang 1), p85a (the regulatory subunit of phosphoinositide 3-kinase (PI3K)), CDC42 (cell division cycle 42), and DNMT3 (DNA methyltransferase 3). 61 -64 For instance, Ye et al. 65 showed that knockdown of miR-29 by tail-vein injection of antagomiRs increased the expression of Mcl-1 in the mouse heart, consequently inhibiting I/R-induced myocardial apoptosis/necrosis, and leading to mitigation of cardiac remodelling. This study indicates that systemically reduced miR-29 appears to be beneficial to the myocardium in response to I/R. Notably, Ye et al. 65 observed that treatment of rats with pioglitazone, a peroxisome proliferator-activated receptor (PPAR)-g agonist, significantly reduced miR-29 levels in the heart, which may contribute to its reduction of myocardial infarct size. However, systematic inhibition of miR-29 by the aforementioned approaches also influences fibroblasts, which may jeopardize its therapeutic potential in anti-post-infarct remodelling. Therefore, its double-edged function should be taken into consideration when we decide to down-regulate miR-29 levels in the heart. The time window and cell type in which miR-29 inhibition occurs may affect its consequence on cardiac remodelling upon I/R. Immediate down-regulation of miR-29 in cardiomyocytes upon infarction should be protective, whereas chronic inhibition of miR-29 in fibroblasts may be detrimental in the reperfused myocardium. miR-24 is enriched in cardiac endothelial cells and considerably up-regulated after MI. 66 Fiedler et al. 66 demonstrated that blocking endothelial miR-24 limited the myocardial infarct size of mice via prevention of endothelial apoptosis and enhancement of vascularity, which led to preserved cardiac function and survival. However, miR-24 expression is down-regulated in the ischaemic border and infarct zone of the animal left ventricle after MI and I/R. 35, 67 Qian et al. 67 showed that in vivo local delivery of miR-24 into the infarcted hearts of mice inhibited cardiomyocyte apoptosis, attenuated infarct size, and reduced cardiac dysfunction. This anti-apoptotic effect on cardiomyocytes in vivo is partly mediated by the Bcl-2 homology domain 3 (BH3)-only domain-containing protein, Bim. 67 Hence, the dual roles of miR-24, acting on cardiac endothelial cells and myocytes, suggest that the time point of intervention on miR-24 may be important for the post-infarct remodelling. Transient over-expression of miR-24 in the infarcted myocardium would inhibit I/R-induced myocyte death (necrosis and apoptosis), leading to attenuation of the later remodelling. However, during the post-infarct remodelling phase, endogenous miR-24 should be down-regulated in the heart to promote myocardial angiogenesis. Moreover, given that miR-24 is also expressed in fibroblasts, 67 it would be interesting to know whether increased miR-24 enhances post-infarct cardiac fibrosis or functions in cardiac fibroblasts to promote cardiomyocyte survival through the activation of paracrine secretory pathways. Therefore, future studies will be needed to examine the consequence of fibroblast-specific over-expression of miR-24 in the heart.
6. Protective effects of miR-126, miR-210, miR-494, and miR-499 in the heart against post-I/R remodelling
As summarized in Figure 1 , miRNAs are regulated in the reperfused myocardium towards post-infarct remodelling. Numerous studies have indicated that a group of miRNAs (i.e. miR-126, miR-210, miR-494, and miR-499) positively interfere with the process of postmyocardial infarct remodelling at multiple levels, i.e. inhibition of myocyte apoptosis, mitigation of myocardial inflammation, and promotion of neoangiogenesis. 68 -82 miR-126 has been implicated in the maintenance of vascular integrity and promotion of vessel growth as a pro-angiogenic factor, both in vitro and in vivo. 68 -75 Genetic deletion of miR-126 resulted in profound vascular defects, phenotypes that were previously ascribed to the host gene Egfl7, because of inadvertent deletion of miR-126 in the Egfl7-null mouse. 69 -72 Although a significant fraction of miR-126-null mice died embryonically because of vessel leakage, those mice that escaped neonatal lethality were particularly susceptible to vascular rupture after MI as a result of a deficit in neovascularization of the infarcted tissue. 70 Consistently, antagomiR-mediated silencing of miR-216 impaired ischaemia-induced angiogenesis. 74 The pro-angiogenic effect of miR-126 was attributed, at least in part, to the repression of Spred-1, an intracellular inhibitor of vascular endothelial growth factor (VEGF)/fibroblast growth factor (FGF)-mediated angiogenesis and phosphatidylinositol-3-kinase regulatory subunit PIK3R2 (p85b). 70, 71 Additionally, miR-126 is enriched in endothelial cell-derived apoptotic bodies and acts to down-regulate the expression of RGS16 (a member of the regulator of G protein signalling family). 73 Reduced RGS16 enables CXCR4 (CXC chemokine CXCL12 receptor) to stimulate an autoregulatory feedback loop that enhances the phosphorylation of extracellular-signal-regulated kinase 1/2(ERK1/2) and induces the production of more CXCL12, which functions as a signal to mobilize progenitor cells and as an antiapoptotic factor. 73 Interestingly, miR-126 is also expressed in endothelial progenitor cells, a stem cell population that might contribute to post-MI cardiac regeneration. 75 As a result, we would speculate that miR-126 may influence cardiac repair by affecting the homing ability of circulating progenitor cells. In addition to a direct role in angiogenesis, miR-126 influences the process of leucocyte infiltration and vascular inflammation. 68, 69 It is reported that the expression of vascular cell adhesion molecules is modulated by miR-126, thus affecting tumour necrosis factor-a-stimulated leucocyte adherence to endothelial cells and vessel inflammation. 68, 69 Collectively, these results indicate that systematic up-regulation of cardiac miR-126 may be instrumental in the reperfused myocardium to subdue postinfarct remodelling. Like miR-126, miR-210 has been shown to possess pro-angiogenic properties in vivo and in vitro. Fasanaro et al. 76 provided evidence that up-regulation of miR-210 in normoxic conditions increased endothelial cell tubulogenesis and migration, whereas blockade of miR-210 in the presence of hypoxia decreased capillary-like formation, endothelial cell migration, and cell survival. They also validated ephrin-A3 as a nodal target of miR-210, the inhibition of which was a major contributor to miR-210-mediated cell survival, migration, and tube formation in response to hypoxia. 76 Furthermore, recent studies also indicate that levels of miR-210 were increased in cardiomyocytes during hypoxic conditions through both hypoxia-inducible factor-dependent and -independent pathways. 77 Over-expression of miR-210 in cardiomyocytes dampened the generation of reactive oxygen species, thereby suppressing apoptosis in response to oxidative stress. 77 Likewise, a recent study suggests that cytoprotection afforded by ischaemic pre-conditioning may be party mediated by the induction of miR-210, which promoted mesenchymal stem cell survival by blocking caspase-8-associated protein-2. 78 Importantly, the therapeutic potential of miR-210 was recently investigated in vivo by Hu et al. 79 They directly injected a minicircle vector carrying miR-210 precursor into the infarcted mouse heart, and observed a significant improvement of left ventricular H. Zhu and G-C. Fan fractional shortening, increased myocyte survival and neovascularization, compared with the miR-scramble controls. 79 Taken together, these studies consistently suggest that miR-210 plays a cardioprotective role at multiple levels and would be a potential therapeutic agent for the treatment of ischaemic heart disease. Unlike miR-126 and miR-210, miR-494 is down-regulated in the murine heart upon in vivo I/R, whereas it is up-regulated in ex vivo ischaemic/reperfused mouse hearts. 80 Interestingly, predicted targets of miR-494 include both pro-apoptotic (i.e. suppressor of cytokine signaling 6 (SOCS6), phosphatase and tensin homolog (PTEN), Rho-associated, coiled-coil containing protein kinase 1 (ROCK1), and Ca 2+ / calmodulin-dependent protein kinase II delta (CAMKII-d) and antiapototic genes (i.e. fibroblast growth factor receptor 2 (FGFR2), leukemia inhibitory factor (LIF), apoptosis inhibitor 5 (Api5), insulin-like growth factor-1 receptor (IGF1R)), and fibroblast growth factor 7 (FGF7)). Using transgenic mouse models with cardiac-specific overexpression of miR-494, we observed that elevation of miR-494 improved the post-I/R recovery of cardiac function, and suppressed I/ R-triggered cardiomyocyte apotosis and necrosis. 80 Although we did verify that three pro-apoptotic genes (PTEN, ROCK1, and CAMKIId) and two anti-apoptotic genes (FGFR2 and LIF) were bona fide targets of miR-494, the individual contribution of these targets to the downstream Akt pathway appeared unequal. In miR-494-over-expressing cardiomyocytes, the impact of PTEN, ROCK1, and CAMKIId (either individually or in combination) on Akt signalling seems more significant than the impact of FGFR2, LIF, or other anti-apoptotic targets, thereby tilting the balance of the Akt pathway towards activation. These interesting findings suggest that divergent targets of an miRNA may work unequally to balance a common signalling pathway and eventually determine its phenotype. Future studies will be needed to examine the effects of miR-494 on non-cardiomyocytes in the reperfused myocardium towards post-infarct remodelling. miR-499 is among the top cardiac-enriched microRNAs, along with the well-studied microRNAs, miR-1 and miR-133. miR-499 is distinct from miR-1/miR-133 in that it is located in an intron of Myh7b.
27,82
Mice expressing lower levels of miR-499 (12-fold) displayed normal phenotype in cardiac pathophysiology, whereas transgenic mice expressing higher levels of miR-499 (28-fold) developed cardiac hypertrophy, as demonstrated by gross pathology at 5 weeks of life. 82 Recently, a seminal study by Ozsolak et al. 27 demonstrated that miR-499 was down-regulated in the heart in ischaemic conditions. Interestingly, they showed that miR-499 transgenic mice (sevenfold) are resistant to I/R-induced left ventricular remodelling through regulation of mitochondrial dynamics by targeting calcineurin and dynamin-related protein-1. Knockdown of endogenous miR-499 with its specific antagomiR aggravated deleterious cardiac remodelling after I/R, as revealed by increased collagen deposition, cardiomyocyte hypertrophy, and compromised contractile function. These results suggest that suitably increased miR-499 in the heart may provide favourable effects in retarding the process of post-infarct remodelling.
7. Detrimental role of miR-92a, miR-199a, and miR-320 in myocardial I/R injury
Members of the miR-17-92 cluster (encoding miR-17, -18a, -19a/b, -20a, and miR-92a) have been demonstrated to influence angiogenesis either positively or negatively, depending on the cellular context. 83 In contrast to the pro-angiogenic effects of miR-18a and miR-19a in tumour angiogenesis, miR-92a was found to block angiogenesis and vessel formation in vitro and in vivo by targeting pro-angiogenic genes, such as the integrin subunits a5, the histone deacetylase Sirtuin 1, the sphingosine-1-phosphate receptor 1, and the mitogenactivated kinase kinase 4. 83, 84 Accordingly, using a mouse hindlimb ischaemia model, Bonauer et al. 84 observed that inhibition of miR-92a by antagomiR significantly promoted neovascularization in ischaemic limbs. Likewise, treatment of mouse acute myocardial infarction with antagomiR-92a improved left ventricular function, reduced the infarct size/myocardial apoptosis, and significantly augmented the number of blood vessels, particularly in the infarct border zone. Together, these results suggest that miR-92a as an endogenous repressor of cardiac angiogenesis may play a detrimental role in post-infarct remodelling. The miR-199 family contains three miRNAs: miR-199a-1, miR-199a-2, and miR-199b. They are all encoded by the antisense strand of an intron of a dynamin gene (Dnm2, Dnm3, and Dnm1, respectively). 85, 86 Furthermore, miR-199a-2 is co-transcribed with miR-214. 85, 86 The transcriptional regulation of miR-199 in the heart is unknown, but Rane et al. 87 reported recently that miR-199a was rapidly down-regulated in cardiomyocytes during hypoxic conditions, most probably via a post-transcriptional mechanism, because the expression level of the miR-199a precursor was unaffected. Downregulation of miR-199a increased the expression of hypoxia-inducible factor-1a and Sirtuin 1. Interestingly, Rane et al. 87 demonstrated that knockdown of miR-199a during hypoxia induced apoptosis, whereas knockdown of miR-199a before hypoxia surprisingly imitated preconditioning and protected cardiomyocytes against hypoxic damage. Murakami et al. 88 recently showed that expression levels of miR-199a positively correlated to the progressed liver fibrosis of animal models and human samples. Thus, future investigation will be needed to determine whether knockdown of miR-199a also reduces fibrosis in the infarcted heart. Similar to miR-199a, the expression of miR-320 was decreased in the ischaemic/reperfused hearts. 32 We demonstrated that transgenic mice with cardiac-specific over-expression of miR-320 exhibited increased apoptosis and infarct size after I/R injury. Conversely, administration of miR-320 antagomiRs reduced infarct size, probably at least partly by derepression of the cardioprotective heat-shock protein 20. 32 In addition, up-regulation of miRNA-320 was observed in myocardial microvascular endothelial cells from diabetic rats. 89 Transfection of miR-320 into myocardial microvascular endothelial cells impaired angiogenesis by repressing the insulin-like growth factor 1 (IGF-1) expression. 89 Conversely, the miR-320 inhibitor significantly enhanced the proliferation and migration of diabetic myocardial microvascular endothelial cells. 89 Hence, we would conjecture that targeting miR-320 with antagomiRs after MI could be a new treatment option to decrease cardiomyocyte loss and increase neovascularization.
Conclusions and future directions
The clinical outcome of myocardial I/R is determined by numerous mediators and signalling pathways that are involved in myocyte death (necrosis, apotosis, and autophagy), myocyte hypertrophy, cardiac fibrosis, impaired angiogenesis, and compromised contractile function. Identification of I/R-associated miRNAs is important not only for the treatment of post-infarct remodelling, but also for use as diagnostic or prognostic biomarkers in ischaemic heart disease. 21, 22, 90 In addition to the miRNAs reviewed above, those miRNAs which have been shown to correlate with tumour cell death/survival, if they are dysexpressed in the ischaemic/reperfused heart, should interfere in post myocardial-infarct remodelling. For example, members of the miR-15 family (including miR-15a, miR-15b, miR-16-1, miR-16-2, miR-195, miR-424, and miR-497) have been consistently found to be strongly up-regulated in ischaemic hearts and failing hearts. 16, 17 While the exact role of the miR-15 family in myocardial I/R injury is not clear, studies in other cell types suggest that the miR-15 family might induce apoptosis by down-regulation of the anti-apoptotic factor Bcl-2. 91 In this respect, antagomiR-induced knockdown of the miR-15 family might be a means to prevent I/ R-induced cardiomyocyte apoptosis. Furthermore, those miRNAs associated with regulation of the inflammatory pathway (i.e. miR-146, -155, and -125b), 92 -94 oxidative stress (i.e. miR-451), 95 cardiac autophagy (i.e. miR-204), 96 and endoplasmic reticum stress (i.e. miR-221/222) 97 may also represent potential avenues to the therapeutic modulation of post-infarct remodelling. Generally, overexpression of protective miRNAs by virus-vector or direct injection of miRNA mimics, whereas specific down-regulation of those detrimental miRNAs by antisense strategies (see reviews elsewhere), 23, 98, 99 into the reperfused myocardium would be instrumental to retard/halt post-infarct remodelling. In addition, some pharmacological agents may regulate miRNA expression and confer cardioprotection against I/R injury. For instance, propranolol (a non-selective b-blocker) down-regulates miR-1 expression and provides ischaemic cardioprotection, 48 whereas pioglitazone (a peroxisome proliferator-activated receptor-g agonist) significantly inhibits the expression of miR-29, leading to the attenuation of myocardial remodelling upon I/R. 65 While modulation of miRNA levels directly or indirectly by the aforementioned approaches offers a therapeutic advantage to interfere with myocardial I/R injury, the complexity of miRNA targets might yield different consequences in various cell types within the heart. Hence, to acquire better therapeutic effects of a specific miRNA on the reperfused myocardium, we should consider the best time window for altering certain miRNA levels and the possibility of regulating miRNA expression in specific cell types.
